A very efficient electrogenerated Fe 0 porphyrin catalyst was obtained by substituting in tetraphenylporphyrin two of the opposite phenyl rings by ortho-, ortho'-phenol groups while the other two are perfluorinated. It proves to be an excellent catalyst of the CO 2 -to-CO conversion as to selectivity (the CO faradaic yield is nearly quantitative), overpotential, and turnover frequency. Benchmarking with other catalysts, through catalytic Tafel plots, shows that it is the most efficient, to the best of our knowledge, homogeneous molecular catalyst of the CO 2 -to-CO conversion at present. Comparison with another Fe 0 tetraphenylporphyrin bearing eight ortho-, ortho'-phenol functionalities launches a general strategy where changes in substituents will be designed so as to optimize the operational combination of all catalyst elements of merit. solar fuels | CO 2 reduction | electrochemistry | catalysis | contemporary energy challenges
A very efficient electrogenerated Fe 0 porphyrin catalyst was obtained by substituting in tetraphenylporphyrin two of the opposite phenyl rings by ortho-, ortho'-phenol groups while the other two are perfluorinated. It proves to be an excellent catalyst of the CO 2 -to-CO conversion as to selectivity (the CO faradaic yield is nearly quantitative), overpotential, and turnover frequency. Benchmarking with other catalysts, through catalytic Tafel plots, shows that it is the most efficient, to the best of our knowledge, homogeneous molecular catalyst of the CO 2 -to-CO conversion at present. Comparison with another Fe 0 tetraphenylporphyrin bearing eight ortho-, ortho'-phenol functionalities launches a general strategy where changes in substituents will be designed so as to optimize the operational combination of all catalyst elements of merit. solar fuels | CO 2 reduction | electrochemistry | catalysis | contemporary energy challenges T he reductive conversion of CO 2 to CO is an important issue of contemporary energy and environmental challenges (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . Several low-oxidation-state transition metal complexes have been proposed to serve as homogeneous catalyst for this reaction in nonaqueous solvents such as N,N'-dimethylformamide (DMF) or acetonitrile (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) .
Among them, electrochemically generated Fe 0 complexes have been shown to be good catalysts, provided they are used in the presence of Brönsted or Lewis acids (17) (18) (19) . More recent investigations have extended the range of Brönsted acids able to boost the catalysis of the CO 2 -to-CO conversion by electrogenerated Fe 0 TPP (Scheme 1) without degrading the selectivity of the reaction. They have also provided a detailed analysis of the reaction mechanism (24, 25) . This is notably the case with phenol, which gave rise to the idea of installing prepositioned phenol groups in the catalyst molecule as pictured in Scheme 1 under the heading "CAT." The result was indeed a remarkably efficient and selective catalyst of the CO 2 -to-CO conversion (26) . At first blush, the comparison with the role of phenol in the case of FeTPP would entail attributing this considerable enhancement of catalysis to a local concentration of phenol much larger than can be achieved in solution. In fact, as analyzed in detail elsewhere (27) , the role played by the internal phenol moieties is twofold. They indeed provide a very large local phenol concentration, favoring proton transfers, but they also considerably stabilize the initial Fe 0 -CO 2 adduct through H bonding. Although the favorable effect of pendant acid groups has been noted in several cases (see ref. 27 and references therein), this was, to our knowledge, the first time their exact role was deciphered. The difference in the role played by the phenol moieties takes place within the framework of two different mechanisms (see Scheme 2 for CAT and FCAT and Scheme 3 for FeTPP) (27) . With FeTPP, the first step is, as with CAT and FCAT, the addition of CO 2 on the electrogenerated Fe 0 complex (et 1 in Schemes 2 and 3). The strong stabilization of the Fe 0 -CO 2 adduct formed according to reaction 1 (in Schemes 2 and 3) in the latter cases compared with the first has a favorable effect on catalysis, but one consequence of this stabilization is that catalysis then required an additional proton (reactions 2 1 and 2 2 in Scheme 2), the final, catalytic loop-closing step being the cleavage of one of the C-O bonds of CO 2 concerted with both electron transfer from the electrode and proton transfer from one of the local phenol groups (et 2 in Scheme 2). In the FeTPP case, the C-O bond-breaking step (reaction 2 in Scheme 3) is different: it involves an intramolecular electron transfer concerted with proton transfer and cleavage of the C-O bond. The catalytic loop is closed by a homogeneous electron transfer step (et 2 in Scheme 3) that regenerates the initial Fe I complex.
The object of the present contribution is to test the idea that introduction of different substituents on the periphery of the porphyrin ring may improve the efficiency of the catalysis of CO 2 -to-CO conversion. In such a venture, we will have to take into account both the overpotential at which the reaction takes place and the catalytic rate expressed as the turnover frequency as detailed in the following sections. Taking these two aspects simultaneously into consideration is essential in view of the possibility that substitution may improve one of the two factors and degrade the other, or vice versa. As a first example, we examined the catalytic performances of the FCAT molecule (Scheme 1), in which four of the eight phenol groups have been preserved in the same ortho-, ortho'-positions on two of the opposite phenyl rings, while the two other phenyl rings have been perfluorinated (the synthesis and characterization of this molecule is described in SI Text). A query that first comes to mind is as follows. The inductive effect of the fluorine atoms is expected to ease the reduction of the molecule to the Fe 0 oxidation state, and thus to be favorable to catalysis in terms of overpotential. However, will this benefit be blurred by a decrease of its reactivity toward CO 2 ? Indeed, the Significance Conversion of CO 2 into liquid fuels is one of the most important contemporary energy and environmental challenges. As a first step in this direction, the electrochemical reduction of CO 2 to CO requires catalysts, usually derived from transition metal complexes. In this paper, a very efficient, electrogenerated ironporphyrin catalyst was obtained by introducing both pendant acid groups and fluorine substituents in the molecule. The former stabilize the CO 2 -catalyst key intermediate via H bonding and provide a high local proton concentration. The latter help decrease the energy required to drive catalysis. Benchmarking this molecule with other catalysts shows that it is at present the most efficient, to the best of our knowledge, homogeneous molecular catalyst of the CO 2 -to-CO conversion in terms of selectivity, overpotential, and turnover frequency. same inductive effect of the fluorine atoms tends to decrease the electronic density on the Fe 0 complex and might therefore render the formation of the initial Fe 0 -CO 2 adduct less favorable. Change in the rates of the follow-up reactions of Scheme 1 may also interfere. A first encouraging indication that the fluorine substitution has a globally favorable effect on catalysis derives from the comparison of the cyclic voltammetric responses of FCAT and CAT as represented in Fig. 1 : the peak potential is slightly more positive for FCAT [−1.55 V vs. normal hydrogen electrode (NHE)] than for CAT (−1.60 V vs. NHE), whereas the apparent number of electrons at the peak at 0.1 V/s is clearly larger in the first case than in the second (120 vs. 80) (26) . However, a deeper analysis of the meaning of these figures in terms of effective catalysis is required. The mechanism of the reaction (Scheme 2) has been shown to be the same with FCAT as with CAT, and the various kinetic parameters indicated in Scheme 2, whose values are recalled in Table 1 , have been determined (26, 27) . Comparison of the two catalysts may then be achieved more rationally based on the determination, in each case, of the catalytic Tafel plots, which relates the turnover frequency (TOF) to the overpotential (η). The latter is defined, in the present case of reductive processes, as the difference between the apparent standard potential of the CO 2 /CO conversion, E 0 CO2=CO and the electrode potential, E:
Large catalytic currents correspond to "pure kinetic conditions" in which a steady state is achieved by mutual compensation of catalyst transport and catalytic reactions. The cyclic voltammetry (CV) responses are then S-shaped independent of scan rate. They are the same with other techniques such as rotating disk electrode voltammetry and also during preparative-scale electrolyses. The fact that peaks instead of plateaus are observed at low Scheme 1. Iron-based catalysts for CO 2 -to-CO reduction.
Scheme 2. Mechanism for the reduction of CO 2 with CAT and FCAT. scan rate, as in Fig. 1 , derives from secondary phenomena related to the observed high catalytic efficiencies, such as substrate consumption, inhibition by products, and deactivation of the catalyst. These factors and the ways to go around their occurrence to finally obtain a full characterization of the mechanism and kinetics of the catalysis process are discussed in detail elsewhere (27) . Under pure kinetic conditions, the active catalyst molecules are then confined within a thin reaction-diffusion layer adjacent to the electrode surface. During the time where the catalyst remains stable, the TOF is defined as
where N product is the number of moles of the product, generated per unit of time, and N active cat is the maximal number of moles of the active form catalyst contained in the reaction-diffusion layer rather than in the whole electrochemical cell (for more information on the notions of pure kinetic conditions, reaction-diffusion layer, and on the correct definition of TOF, see refs. 23, 26, 28) . For the present reaction mechanism (Scheme 2) as well as for all reaction schemes belonging to the same category, the TOF-η relationships are obtained from the following equations (28, 29) , using the notations defined in Scheme 2 and the data listed in Table 1 .
;
with 
The k ap 2 value for FCAT is given for [PhOH] = 3 M. It is independent from the acid concentration in the case of CAT. The S-shaped catalytic wave is characterized by a plateau current i pl that may be expressed as
where S is electrode surface area; C 0 cat and D cat are concentration and diffusion coefficient of the catalyst, respectively.
The logTOF-η plots (Fig. 2) move upward as the phenol concentration increases. They are more favorable for FCAT than for CAT whatever [PhOH] . A more direct comparison between the two catalysts at [PhOH] = 3 M is shown in Fig. 3 , where the results of preparative-scale electrolyses are also displayed within the same logTOF vs. η framework, pointing to the superiority of FCAT over CAT. This is confirmed by preparative-scale electrolyses. Fixedpotential electrolyses were performed at −1.08 and −1.14 V vs. NHE with 1 mM FCAT and CAT, respectively, using a carbon crucible as working electrode under 1 atm. CO 2 (0.23 M) in the presence of 3 M PhOH. The current density i el =S el is stable over 3 h with FCAT and 0.5 h with CAT and the production of CO is practically quantitative (faradaic yields of 100 ± 10% and 100 ± 5%, respectively, less than 1% H 2 in both cases). i el =S el = 0.5 and 0.3 mA/cm 2 with FCAT and CAT, respectively; S el , the working electrode surface area of the preparative-scale electrode electrolysis, is much larger (20 cm 2 ) than in CV experiments (0.07 cm 2 ). The corresponding TOF value at the operated overpotential is calculated from TOF = ði el =i pl ÞTOF max , in which i pl is the plateau current given by Eq. 1. The TOF values thus obtained are 240 s −1 (at η = 0.39 V) and 170 s −1 (at η = 0.45 V) for FCAT and CAT, respectively. As seen in Fig. 3 , they satisfactorily match the TOF-η relationships derived from CV taking into account inevitable imperfections in cell configuration leading to residual ohmic drop. Besides catalytic performances evaluated through logTOF-η relationship, durability is important in the evaluation of catalyst efficiency. It has been evaluated through estimation of the catalyst degradation over prolonged electrolysis. This estimation is based on recording CVs in the electrolysis solution during electrolysis. It turns out that (see SI Text for details) FCAT is more stable than CAT or simple FeTPP. Complete degradation of the initial 10 −5 moles of catalyst is observed after the passage of 575, 200, and 290 coulombs for FCAT, CAT, and simple FeTPP, corresponding to 600, 210, and 300 catalytic cycles for FCAT, CAT and FeTPP, respectively.
How do these modified Fe 0 TPP catalysts compare with other catalysts of the CO 2 /CO conversion described in the literature? Table 2 summarizes the various parameters that we could extract from previous reports as detailed in SI Text. Fig. 3 illustrates the ensuing benchmarking of all catalysts. In terms of preparativescale electrolyses, the available information indicates that the stability of the catalysts is of the same order as for the two catalysts FCAT and CAT described here.
Our conclusion is twofold. (i) The title iron porphyrin generated electrochemically under its Fe 0 form (FCAT) operated in the presence of 3 M phenol in DMF appears to be the best homogeneous catalyst of the CO 2 -to-CO conversion to date. This clearly appears after benchmarking of presently available catalyst of this reaction under the form of catalytic Tafel plots relating turnover frequency with overpotential ( Fig. 3) . Such plot allows optimization of the catalytic reaction by appropriately compromising between rapidity and energy costs. A further advantageous feature of FCAT is that it relies on one of the cheapest and most earth-abundant metals. (ii) Fluorine substitution in passing from CAT to FCAT was designed to favor catalysis in terms of overpotential thanks to the inductive effect of the fluorine substituents. At the same time it could have rendered the follow-up reactions less favorable, possibly annihilating the initial favorable effect of fluorine sub or even making catalysis globally less efficient than with CAT. The observation that this is not the case, and that the substitution has a global positive effect in this case, opens the route to the design and testing of further substituted molecules, which could become even more efficient catalysts of the CO 2 /CO conversion. It should be particularly fruitful to use the prepositioned phenol functionalities to favor the formation and proton-coupled transformation of the initial Fe 0 -CO 2 adduct and to play with electron withdrawing substituents to improve the capabilities of the catalyst in terms of overpotential.
See SI Text for experimental details and data treatment of the other catalysts in Table 2. ACKNOWLEDGMENTS. Partial financial support from the Agence Nationale de la Recherche (ANR 2010 BLAN 0808) is gratefully acknowledged. To a solution of 5-(pentafluorophenyl)dipyrromethane (1g, 3.20 mmol) and 2,6-dimethoxybenzaldehyde (532 mg, 3.20 mmol) in dry chloroform (320 mL), previously degassed by argon for 20 min, was added BF 3 .OEt 2 (149 μL, 1.21 mmol) by syringe. The solution was stirred at room temperature under inert atmosphere in the dark for 24 h, and 2,3-dichloro-5,6dicyano-1,4-benzoquinone (DDQ) (543 mg, 2.40 mmol) was added to the solution. The mixture was stirred for an additional 24 h at room temperature; the solution was treated with a second portion of DDQ and refluxed for 2.5 h. The solvent was removed, and the resulting black solid was purified by column chromatography on silica gel using dichloromethane as eluent affording porphyrine 1 (445 mg, 30%) as a purple powder. 1 − is to serve as reactant at the anode, producing CO 2 and ethane (Kolbe reaction). Some diffusion of these products toward the cathodic compartment is expected to have negligible effect on the yields of the cathodic reaction. The electrolysis solution was purged with CO 2 for 20 min before electrolysis for quantitative experiments and under a continuous flux for the long-time-scale electrolysis (to avoid the CO 2 consumption). The cell configuration was described elsewhere.
Ohmic drop was minimized as follows: the reference electrode is directly immerged in the solution (without separated bridge) and put progressively closer to the working electrode until oscillations appear. It is then slightly moved away until the remaining oscillations are compatible with recording of the catalytic current-potential curve. The appearance of oscillations in this cell configuration does not require positive feedback compensation as it does with microelectrodes. The potentiostat is equivalent to a self-inductance. Oscillations thus appear as soon as the resistance that is not compensated by the potentiostat comes close to zero as the reference electrode comes closer and closer to the working electrode surface.
Gas Detection. Gas chromatography analyses of gas evolved in the course of electrolysis were performed with an HP 6890 series equipped with a thermal conductivity detector. CO and H 2 production was quantitatively detected using a carboPlot P7 capillary column, 25 m in length and 25 μm in diameter. Temperature was held at 150°C for the detector and 30°C for the oven. The carrier gas was argon flowing at constant pressure of 0.5 bars. Injection was performed via a syringe (500 μL) previously degassed with CO 2 . The retention time of CO was 1.44 min. Calibration curves for H 2 and CO were determined separately by injecting known quantities of pure gas.
Data Treatment of the Other Catalysts (Table 2) In all cases, the cyclic voltammetric current (i)-potential (E) curves are approximately Nernstian:
with expressions of the plateau current i pl and of the half-wave potential E 1=2 , that reflect the occurrence of a two-electron, two-step (rate constants: k ap 1 and k ap 2 , respectively) process. It is observed that the half-wave potential E 1=2 is close, in all cases, to the standard potential of the wave where catalysis takes place, E 1=2 ≈ E 0 cat (3). It follows that
and that
where TOF is turnover frequency, thus leading to the catalytic Tafel plots in Fig. 3 and the parameter values in Table 2 .
